IMMUNOGENIC COMPOSITIONS INCLUDING 
ROUGH PHENOTYPE BRUCELLA HOST STRAINS 
AND COMPLEMENTATION DNA FRAGMENTS 
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BACKGROUND OF THE INVENTION 

This application claims priority from provisional applications 60/ 433,164, 
filed December 12, 2002, and 60/503,016, filed September 15, 2003. The entire 
10 contents of both of these provisional applications are incorporated herein by 
reference. 

Brucella infects a significant number of people and livestock in 
developing countries and infects wild as well as domestic animals in the United 
States. In addition, Brucella is a potential biowarfare agent, having been 

15 experimentally weaponized; strains of Brucella have been constructed with 
resistance to multiple antibiotics used to treat the disease. These strains pose a 
significant morbidity and mortality threat to exposed personnel. Brucellosis 
symptoms include recurring fever, chills and anxiety. Even though the disease is 
rarely fatal, once well established, the disease is difficult to treat since the bacteria 

20 * reside in the bone marrow. 

The Department of Bacterial Diseases at the Walter Reed Army Institute 
of Research is developing live, attenuated Brucella mutants as vaccines to protect 
military troops against infection with Brucella, an incapacitating biowarfare threat 
agent. Brucella, a slow-growing, facultative intracellular bacterial parasite of 

25 macrophages, causes systemic febrile illness in humans. Its lipopolysaccharide 
(LPS) is a potent immunomodulator that is being explored as a potential adjuvant 
to elicit immunity against HIV proteins. 

A live attenuated Brucella vaccine was developed by the inventors, as 
described in U.S. Patent No. 6,444,445 (issued September 3, 2002), the entire 

30 contents of which are incorporated herein by reference. This vaccine utilized a 
strain of Brucella having a non-reverting deletion in the rfbU gene (now generally 



referred to in the art as the wboA gene). The result was a live Brucella vaccine 
that does not cause seroconversion in a vaccinee exposed thereto. 

5 SUMMARY OF THE INVENTION 

The inventors have developed an entirely new approach to Brucella 
vaccines, and for using Brucella as a platform to deliver antigens from other 
disease agents. 

In particular, this approach uses trans complementation of the rough 

10 mutation in a rough purine auxotroph as a means of vaccination against Brucella 
and also a method for in vivo maintenance of plasmids for delivery of foreign 
antigens in live Brucella vaccines. The term "complementation" as used herein 
means that a gene missing in the Brucella strain is provided in trans, or on a 
satellite DNA such as a plasmid, such that a functional copy of the gene is 

15 available for expression to the Brucella strain. The presence of a functioning gene 
results in reverting a mutant rough phenotype Brucella strain back into a smooth 
phenotype. One preferred example of such a gene is the wboA gene, as described 
in further detail below. However, a wide array of genes integral to 
lipopolysaccharide biosynthesis may also be used. 

20 We had earlier observed that a wboA, purEK dual deletion mutant of 

Brucella melitensis strain 16M (known as strain WRRP1) is severely attenuated. 
The WRRP1 strain persisted in BALB/c mouse spleens at low levels for only a 
week after intraperitoneal (IP) infection, compared with purE and wboA single 
mutants, which infected in higher numbers and persisted for about 8 weeks. (See 

25 Figure 1) We also found that these wboA/vough mutants were not effective live 
vaccines in our intranasal challenge mouse model; this led us to focus on smooth 
attenuated live vaccine candidates. 

Rough phenotype is that of any strain that does not make and present the 
intact O-side chain component of lipopolysaccharide (LPS) on the bacterial cell 

30 surface. This phenotype can encompass mutations that alter O-side chain 



2 



composition, or remove the O-side chain, or even completely remove the LPS. 
These strains do not cause seroconversion in vaccinees, thus allowing vaccinees 
to be distinguished from exposure to other Brucella, 

It has been proposed that live Brucella attenuated vectors would be 
5 efficient and potentially safe and effective platforms for the intracellular delivery 
of antigens from other disease agents into mammalian hosts. Combining an 
attenuated Brucella strain (such as, for example, our strain WRRP1) with trans 
complementation of its rough mutation, we were able to (1) create a live Brucella 
vaccine and immunogenic compositions that are both sufficiently attenuated and 

10 are maintained in vivo and in vitro for sufficient periods of time to elicit immunity 
before safely and naturally clearing out; and (2) provide an intracellular selection 
for plasmids expressing heterologous antigens. Regarding the latter, we found 
that this plasmid expression platform is easy to manipulate, to integrate and 
combine genes for different antigens. Such a platform is also readily used to make 

15 a single vaccine against multiple biothreats that is relatively cheap to make and 
may be used as a vaccine in itself or as part of a prime-boost strategy. 

It will be of importance to be able to vaccinate troops against a 
multiplicity of biothreat agents simultaneously instead of having to go through 
multiple vaccination protocols with a variety of different vaccines. It will also be 

20 important that such vaccines can be quickly made available (manufactured) 
according to the arising biothreats. 

We have developed a vaccine against Brucella (considered a biothreat 
agent) and a multiplicity of unrelated biothreat agents using a live attenuated 
Brucella strain as the delivery vector for protective antigens of multiple biothreat 

25 agents. This vaccine will simultaneously protect against Brucella infections and 
against various unrelated biothreat agents of choice. Additionally, the 
methodology developed will allow quick redesigning of the vaccine to cover 
newly arising biothreat agents, and/or incorporate antigen variations to broaden 
immunity. 
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One main aspect of our invention entails immunogenic compositions and 
vaccines that are effective against brucellosis infection. These immunogenic 
compositions and vaccines comprise a live Brucella host cell having a rough 
phenotype, which host cell is preferably sufficiently attenuated or otherwise 
5 inactivated (e.g., via chemical, radiation, or ultraviolet means) that upon exposure 
to a mammal the host cell will not exhibit full virulence of non-attenuated/non- 
inactivated Brucella The strain must be attenuated or inactivated enough tobe 
safely used in humans. The host strain may be any rough-phenotype mutant that 
can be complemented, whether otherwise attenuated or not. However, it is 

10 preferred that the Brucella host strain be at least singly attenuated, and more 
preferably doubly attenuated or even a triply attenuated. 

The host cell is transformed with a recombinant DNA construct replicable 
in Brucella and comprising a promoter recognizable by Brucella, and a 
complementation DNA fragment (such as, for instance, the wboA gene) which is 

15 operably linked to the promoter and which complements a rough-conferring 
mutation in the host cell, thereby effecting a smooth phenotype in the host cell. 
Thus, the invention combines the advantages of a rough phenotype mutant 
(attenuation) with a smooth phenotype (enhanced survival in vivo and in vitro, so 
that an adequate immunogenic reaction is attained). In other words, we have used 

20 rough complementation for maintenance of the plasmid in vivo or in vitro, but the 
resulting Brucella strain is still sufficiently attenuated for virulence. 

The host bacterium may be transformed (e.g., by electroporation) with a 
plasmid that can replicate in Brucella, Plasmids could also be introduced by 
mating with another bacterium. Alternatively, a recombinant DNA molecule 

25 other than a replicating plasmid may be introduced, for instance, a linear 
recombinant molecule or a nonreplicating plasmid, that would then integrate into 
the Brucella genome, either by host-mediated homologous recombination or via a 
recombinant DNA construct. 

In another preferred embodiment, the wboA complementation DNA 

30 fragment is utilized, which encodes a peptide essential for lipopolysaccharide O- 



4 



sidechain (OPS) biosynthesis. Since wboA complementation allows expression of 
LPS, vaccinees will make anti-0 side chain antibody, which is believed necessary 
for protection. When the vaccine is administered to a vaccinee, the 
lipopolysaccharide O-sidechain polysaccharide is produced in vivo and an 

5 antibody to the lipopolysaccharide O-sidechain polysaccharide is produced by the 
vaccinee in response. 

Nearly all Brucella rough mutants are known to be attenuated for 
virulence. The only rough mutant proven to be an effective vaccine is cattle 
vaccine strain RB51, and this strain is now believed to make low levels of intact 

10 LPS. 

Another embodiment entails immunogenic compositions and vaccines 
against infection by brucellosis and/or a non-brucellosis disease, comprising a live 
attenuated Brucella host cell having a rough phenotype. The host cell is 
sufficiently attenuated that upon exposure to a mammal the host cell will not 

15 exhibit full virulence of non-attenuated Brucella. The host cell is transformed 
with a recombinant DNA construct that is able to replicate in Brucella. The 
construct comprises a DNA fragment operably linked to a first promoter 
recognizable by Brucella and encoding a heterologous antigen; and a 
complementation DNA fragment which is operably linked to a second promoter 

20 recognizable by Brucella, and which complements a rough-conferring mutation 
(such as a wboA mutation) in the host cell, thereby effecting a smooth phenotype 
in the host cell. 

The heterologous antigen may be any foreign gene encoding an antigen 
against which it is desirable to elicit and immune response, in a form that can be 
25 produced by genes encoded on a plasmid and expressed in a Brucella host. It can 
either constitute the expressed peptides themselves, or potentially even products 
of enzymes encoded on the plasmid (polysaccharides, lipids, etc.), as long as it 
can be made in the Brucella host. 

Preferably, the heterologous antigen is selected from the group consisting 
30 of: Anthrax antigens such as Bacillus anthracis protective antigen (PA), inactive 
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variants of Edema Factor and Lethal Factor; plague antigens such as Yersinia 
pestis Fl and V antigens and Fl-V fusion proteins; malaria proteins such as 
circumsporozoite and merozoite antigens, and including antigens of Plasmodium 
berghei (sporozoite and merozoite antigens), Plasmodium falsiparum, 

5 Plasmodium vivax and Plasmodium malariae, including CSP and MSP1 antigens 
of all of these; Francisella antigens, particularly from Francisella tularensis; 
staphylococcal and streptococcal enterotoxin fragment antigens; Burkholderia 
antigens; Coxiella antigens; Clostridium epsilon toxoids; botulinum toxoids; 
smallpox antigens; mycobacterial antigens; cancer antigens; HIV antigens; tetanus 

10 toxoids (including TetC); diphtheria toxoids; pertussis toxoid; Helicobacter 
antigens; Borrelia antigens; Legionella antigens; Bartonella antigens; vaccinia 
antigens; antigen-GFP fusions; tagged antigens (6his, V5, etc.), fusions of 
antigens to secretory signals, fusions of antigens to each other; genes encoding 
therapeutic molecules or enzymes producing therapeutic molecules; antigens from 

15 other parasites, antigens from viruses, and the like. Also contemplated are 
heterologous genes encoding enzymes that would not serve directly as antigens 
but would instead synthesize non-protein products in the Brucella platform that 
would themselves function as heterologous antigens — for instance, lipids and 
polysaccharides. In addition, homologous antigens can be included to enhance 

20 immunogenicity. 

For the complementation DNA fragment, preferably at least part of the 
wboA gene is included. More preferably, it encodes a peptide including a 
lipopolysaccharide O-sidechain, so that when the vaccine is administered to a 
vaccinee, the lipopolysaccharide O-sidechain peptide is produced in vivo and an 

25 antibody to the lipopolysaccharide O-sidechain peptide is produced by the 
vaccinee in response. 

For in all of these embodiments of the invention, the Brucella host strain 
may be any Brucella strain with a rough-phenotype mutation that can be 
complemented on a trans plasmid or the like. It is preferred, however, that the 

30 Brucella host cell comprises a Brucella DNA fragment containing a stable non- 
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reverting deletion mutation, having the nucleotide sequence of SEQ ID NO: 1 
modified to delete nucleotides from position 1067 to position 1671. Preferably 
the Brucella host cell is Brucella melitensis. More preferably, the Brucella host 
cell is strain WRRP1, having ATCC accession number PTA-3753. The Brucella 
5 host cell may also be strain WRR51, having ATCC accession number PTA-3754. 
Both the WRRP1 strain and the WRR51 strain were deposited on October 3, 2001 
with the American Type Culture Collection, located at 10801 University 
Boulevard, Mannassas, Virginia 201 10-2209. 

It is noted that SEQ ID NOs:l and 2 (the wboA DNA and amino acid 

10 sequences) are derived from Brucella melitensis. It is possible to use the wboA 
gene from any Brucella strain (e.g., Brucella abortus), as they are functionally 
interchangeable for the purposes of this invention. It is possible to use any 
Brucella wboA sequence to either complement or replace any other wboA locus. 
We know that these areinterchangeable for allelic replacement, as shown by 

15 Winter etal. 

WRR51 and WRRP1 are two genetically defined rough mutants of 
Brucella melitensis, and are themselves useful as strains for a live vaccine against 
brucellosis. These strains differ from Brucella live vaccines currently used in 
livestock because they have genetically defined mutations that were created by 

20 deleting DNA . from the Brucella chromosome. Both strains have a 
lipopolysaccharide (LPS) defect and thus do not cause the seroconversion that 
complicates disease screening. Smooth strains currently approved for use in 
animals are not good candidates for human vaccines because although attenuated, 
they can still cause disease in humans. WRRP1, is a double deletion mutant that 

25 is highly attenuated and is even more unlikely to cause disease in humans. It is 
preferred that if WRR51 is used, it is combined with another attenuating 
mechanism, for instance a different secondary mutation or treatment that renders 
the strain unable to replicate. We also contemplate derivative of WRR5 1 and 
WRRP1, with added mutations and/or antibiotic resistance markers removed. 
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Preferably the promoter is a Brucella promoter, although any promoter 
can be used as long as it is recognizable by Brucella. 

In another embodiment, our invention entails a recombinant DNA 
construct replicable in Brucella. The DNA construct comprises: 

(i) a promoter recognizable by Brucella, and 

(ii) a complementation DNA fragment which is operably linked 

to the promoter and which complements a rough-conferring wboA 
mutation in the host cell, thereby effecting a smooth phenotype in a host 
cell transformed therewith. 

In a further embodiment, the invention includes a recombinant DNA 
construct replicable in Brucella. The DNA construct comprises: 

(i) a DNA fragment operably linked to a first promoter recognizable 
by Brucella and encoding a heterologous or homologous antigen, 
such as is described above and in further detail below, and 

(ii) a complementation DNA fragment which is operably linked to a 
second promoter recognizable by Brucella and which complements 
a rough-conferring mutation in the host cell, thereby effecting a 
smooth phenotype in a host cell transformed therewith. 

Also contemplated by our invention are host cells transformed with any of 
these DNA constructs. 

Our invention encompasses methods for inducing protective immunity to 
brucellosis in a mammal, comprising the step of administering to a mammal a 
vaccine comprising a live Brucella host cell having a rough phenotype, which 
host cell is sufficiently attenuated that upon exposure to a mammal the host cell 
will not exhibit full virulence of non-attenuated Brucella. The host cell is 
transformed with a recombinant DNA construct replicable in Brucella, and 
comprising a promoter recognizable by Brucella, and a complementation DNA 
fragment which is operably linked to the promoter and which complements a 
rough-conferring mutation in the host cell, thereby effecting a smooth phenotype 
in the host cell. 
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Similarly, our invention covers methods for inducing protective immunity 
to brucellosis or a non-brucellosis disease, or both, in a mammal comprising the 
step of administering to a mammal a vaccine comprising a live Brucella host cell 
having a rough phenotype, which host cell is sufficiently attenuated that upon 

5 exposure to a mammal the host cell will not exhibit full virulence of non- 
attenuated Brucella. The host cell is transformed with a recombinant DNA 
construct replicable in Brucella and comprising a promoter recognizable by 
Brucella; a DNA fragment operably linked to the promoter and encoding a 
heterologous (or homologous) antigen; and a complementation DNA fragment 

10 which is operably linked to the promoter and which complements a rough- 
conferring mutation in the host cell, thereby effecting a smooth phenotype in the 
host cell. 

In a related embodiment, it is preferred that following administration of 
the vaccine to the vaccinee, the DNA construct is gradually separated from the 

15 Brucella host cell, whereupon the Brucella host cell reverts to a rough phenotype 
that is rapidly cleared from the vaccinee. For instance, the DNA construct is 
gradually separated (e.g., became undetectable) from the Brucella host cell in 
vivo between 28 days and 56 days following administration of the vaccine. In 
vitro, it was completely lost between 10 and 45 days. This is due to the unstable 

20 nature of plasmids in Brucella, as described above. A preferred DNA construct is 
pGSG5 or a derivative thereof. 

BRIEF DESCRIPTION OF THE FIGURES 
25 Figure 1 shows attenuated strain WRRP1, having a who A purEK dual 

deletion mutant of Brucella melitensis strain 16M known. Here WRRP1 persisted 
in BALB/c mouse spleens at low levels for only a week after IP infection, 
compared with purE and wboA single mutants, which infected in higher numbers 
and persisted for about 8 weeks. 



Figure 2 shows trans wboA complementation of the single mutant WRR5 1 
within human macrophages. The single mutant did not replicate in these cells 
over the 72 h timecourse of the experiment (diamonds), but the mutant 
complemented with a copy of wboA on a pBBRl -based plasmid (circles) 

5 replicated like wild type (squares). Also, green fluorescent protein (GFP) could 
be expressed on complementing plasmid pMNWG16 without hampering this 
replication (triangles), and all colonies recovered were green. 

Figure 3 shows plasmid pGSG5, containing GFP under the control of the 
groE promoter, an intact copy of wboA, and ampicillin resistance for in vitro 

10 selection in WRRP1, which already carries kanamycin and chloramphenicol 
markers. 

Figure 4 shows the survival of WRRP1 carrying pGSG5 (squares) inside 
human macrophages over 200 hours. 

Figure 5 shows spleen persistence, and percent infection in mice of 
15 uncomplemented WRRP1. The WRRP1 persisted in the spleen of one of five 
mice at one week only (light shading), while the strain carrying pGSG5 (dark 
shading) persisted in three of five mice at one and two weeks, in two of five at 
four weeks, one of five at six weeks, and then was cleared by eight weeks. 

Figure 6 shows two agar plates from experiment described in Figure 5, 
20 visualized under UV (365 nm). On the left is the spleen neat plate containing the 
only colony forming units (CFUs) of WRRP1 recovered at one week after 
infection. On the right is a spleen neat plate from the plasmid complemented 
group at one week. 

Figure 7 tests whether loss of pGSG5 from WRRP1 was a real and 
25 reproducible attribute. Shown are the results of a multipassage culture in rich 
medium (Brucella Broth). Here we track the percentage of green CFUs recovered 
from a culture WRRP1 carrying pGSG5 compared with a culture of 16M bearing 
pBBRlMCS-6Y treated identically. A passage into fresh broth was made after 
each measurement. (The circles and triangles merely show that total CFU levels 
30 were comparable at all timepoints.) What is seen is that pGSG5 is in fact lost 
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from WRRP1 under these conditions by 47 days. Interestingly, pBBRlMCS-6Y 
was lost from 16M more rapidly, indicating that the trans who A complementation 
of WRRP1 may provide some selection for retention of the plasmid even in vitro. 
So this indicated to us that natural loss of plasmid is occurring in the mouse and 
5 may account for reduced spleen loads seen in complemented WRRP1 versus 
WR201. 

Figure 8 shows the results of a repeat of the previous persistence 
experiment but with younger mice. Similar results were achieved. WRRP1 
bearing pGSG5 again persisted for a much longer time and at vastly higher 

10 numbers than the uncomplemeted strain, and again was cleared from BALB/c 
spleens by 8 weeks. The data were more robust here, with lower variation; we 
saw 100% infection in the complemeted group through 2 weeks. Mean spleen 
loads were consistently higher and more comparable of what is characteristic for 
WR201, at least in the early timepoints. We also saw a single colony in the 

15 uncomplemented group at 2 weeks, interesting because we had never seen 
persistence beyond a week in any previous experiment (oral or intraperitoneal). 

As Figure 9 shows, looking at the dissemination of the complemented 
strain to the organs in these mice, numbers recovered from spleens exceeded the 
other organs, with the exception of the lungs at 3 days. Lungs and livers were 

20 also clear by eight weeks. There was low-level dissemination to inguinal lymph 
nodes up to two weeks. And here was a low level and transient dissemination to 
the male reproductive organs, gone after 1 week. Early clearance from the male 
reproductive organs is an aspect that distinguishes WRRP1 bearing pGSG5 from 
the purine auxotroph WR201, whose persistence in these organs was extended in 

25 both mice and nonhuman primates. This increased attenuation is perhaps due to 
decay of smoothness by loss of the complementing plasmid in the host. This 
attenuation indicates that severely attenuated WRRP1 with its rough defect trans 
complemented in this way may be a safe alternative to WR201 that may be as 
effective in immunizing against Brucella, WR201 was our most effective vaccine 

30 to date, providing sterile immunity in nonhuman primates. 



Figure 10 shows plasmid pGSG5. We note that "1-3X cutters" simply 
describes the subset of restriction enzyme recognition sites in this particular 
graphic map. M pGSG5-9" designates the names of sister clones confirmed in the 
creation of the construct. 

5 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

This invention was designed in part to solve the problem of the natural 
loss of plasmids expressing heterologous antigens from live attenuated Brucella 

10 vaccine platforms when inside the vaccinee. Plasmid loss during bacterial stress 
is a natural process presumed to enhance the fitness of the bacterium and thus its 
survival. Since Brucellae reside inside host cells during infection (and 
vaccination) and thus would be protected against extracellular antibiotic exposure, 
it is unlikely that giving vaccinees specific antibiotics will do anything to select 

15 for plasmids carried in live Brucella vaccines. The provision of rough 
complementation on the antigen expression plasmid in our rough purine 
auxotrophic dual mutant allows the live vaccine to survive longer in the vaccinee, 
and also provides a strong selection for maintenance of the plasmid (and thus 
expression of the heterologous antigen genes it carries) during the course of its 

20 survival. 

Thus, our invention can be used to vaccinate against both Brucella and 
against any non-Brucella antigen(s) encoded by gene(s) that can be expressed 
from a plasmid in a Brucella strain. This includes both protein antigens and also 
non-protein antigens that could be produced by plasmid encoded genes within the 

25 Brucella carrier, such as polysaccharides and lipids. This would not be limited to 
the expression of antigens from pathogenic organisms, but also could include any 
other antigens to which an immune response would be desired, to include host 
antigens such as tumor antigens. Any other genes one would want to express 
within macrophages inside a vertebrate host could be introduced using this 

30 platform. This could include genes encoding therapeutic products. 
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Because of its intracellular location, slow growth in macrophages, and 
colonization of liver and spleen, Brucella is an attractive platform to express 
heterologous antigens for immunization against a variety of infections. Our 
invention is based on our discovery that a live attenuated Brucella platform can be 

5 utilized for intracellular vaccination by delivering antigens from heterologous 
disease agents into macrophages (host antigen presenting cells). Plasmid (trans) 
complementation of a crippling mutation such as wboA in a Brucella host cell 
permits longer intracellular persistence, yet retain an attenuated state (such as, for 
instance, mutation of the purE gene). Intracellular pressure for plasmid 

10 maintenance (absent drug selection) thus enhances the utility of the plamsid for 
foreign antigen expression in mammalian cells. Plasmid-based expression in the 
Brucella platform allows rapid manipulation and combination of antigens from 
different pathogens in the same vaccine. Such a platform could function as a 
multivalent vaccine against multiple biothreat agents in a single formulation, and 

15 is relatively inexpensive to produce and easily administered. It can be used as a 
primary vaccine, or as part of a prime-boost strategy. 

Live attenuated bacterial and viral vaccine delivery platforms offer the 
possibility of not only protecting vaccinees against the carrier organism — 
Brucella in this case — but also against antigens from other disease agents 

20 expressed in the platform. To that end, another embodiment of the invention 
entails a multivalent vaccine system in which heterologous antigens are expressed 
on a rough-complementing plasmid in an attenuated rough (absent normal surface 
presentation of the O-polysaccharide component of cell envelope 
lipopolysaccharide) Brucella strain containing in its genome, in addition to the 

25 mutation or mutations causing the rough phenotype, one or more mutations that 
independently attenuate the strain for virulence. A preferred embodiment 
employs mutant Brucella strain WRRP1, a dual mutant of B. melitensis 16M with 
deletions in wboA (formerly designated rfbU) and purE genomic loci, which 
strain is described in US Patent 6,444,445. Also, derivatives of WRRP1 with 

30 antibiotic resistance genes removed and/or additional attenuation mutations added 
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would be ideal hosts. But other rough strains of Brucella with additional 
attenuating mutations could also be used to exploit this rough complementation 
plasmid maintenance approach. 

In our preferred embodiment we used complementation of the wboA 

5 deletion in WRRP1 by provision of an intact expressed copy of wboA in trans on 
a plasmid, but other rough complementing gene(s) and rough mutation pairings 
could be used for this purpose; complementation of multiple rough mutations in 
the host strain could also be employed. The plasmid used in our preferred 
embodiment was pGSG5 (Figure 10), a pBBRl -based plasmid, but any other 

10 plasmids that replicate in Brucella could also be used for this technology. Our 
model heterologous antigen here was Green Fluorescent Protein (GFP), because 
of its relatively easy detection in intracellular bacteria, but obviously it would be 
more valuable to express other heterologous antigens in Brucella for the purposes 
of constructing new multivalent vaccines. Examples of other heterologous 

15 antigens include tetanus toxoid, malarial antigens (such as proteins CSP and MSP, 
and others), Bacillus anthracis protective antigen, Yersinia pestis, antigens from 
other parasites, proteins from other intracellular bacterial pathogens such as 
Francisella tularensis, Mycobacteria, Legionella, and Coxiella, antigens from 
viruses, particularly intracellular invaders such as HIV, other toxoids such as 

20 botulinum toxoid, Epsilon toxin, tumor antigens, etc. As noted above, we also 
contemplate heterologous genes encoding enzymes that would not serve directly 
as antigens but would instead synthesize non-protein products in the Brucella 
platform that would themselves function as heterologous antigens — for instance, 
lipids and polysaccharides. In addition, homologous antigens can be included to 

25 enhance immunogenicity. 

One advantage of such multivalent vaccines is that protection against 
multiple disease agents can be attained with a single vaccine formulation. 
Another advantage of our rough-complementing plasmid platform is that plasmids 
are readily manipulated genetically, so gene modules containing a wide variety of 

30 foreign antigens can be readily introduced into the complementing plasmid and 
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then into the vaccine strain. This allows for rapid combination of different 
antigens within a vaccine strain, and also for antigen-expressing plasmids to be 
moved into better live attenuated vaccine hosts as these are developed. 

A distinct advantage of the rough-complementation property of our 

5 technology over any other plasmid expression technology used for expression of 
foreign antigens in live Brucella vaccine strains is that it provides an in vivo 
selective pressure for maintaining the antigen expression from the plasmid after 
the live vaccine has been introduced into the vaccinee. A further advantage of our 
delivery platform over many non-Brucella platforms is that this bacterium 

10 survives in immune cells (macrophages) and is circulated to the spleen and 
lymphatic system during infection. An attenuated live vaccine can be circulated 
in the system of the vaccinee and express the antigens it carries until it is 
eliminated by the immune response (this will vary depending on the degree of 
attenuation of the carrier strain). 

15 The specific balance of immunity generated by live Brucella platforms 

also appears to be unique. The protective immune response to Brucella in our 
vaccine development work has clearly been shown to involve both a humoral 
(antibody) response and the cell-mediated component of immunity, thus a diverse 
immune response to any expressed antigen is also possible. Brucella has also 

20 been long known as a stimulator of nonspecific immunity early in introduction to 
the immune system and thus attenuated live Brucella vaccines may serve as 
agents of nonspecific protection and of adjuvancy for any heterologous antigens' 
they express. 

A further advantage is that wboA complementation allows expression of 
25 LPS, vaccinees will make anti-0 side chain antibody, which is believed to be 
necessary for protection. There is also an additional safety feature in this 
approach: over time the plasmid appears to be lost, both in vitro and in vivo. We 
believe this accounts for the reduced persistence and systemic dissemination of 
WRRPl/pGSG5 versus WR201, since theoretically they are genetically 
30 equivalent - both having a deletion in purEK and an intact wboA gene. What is 
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left after plasmid loss is rough WRRP1, which is severely attenuated and rapidly 
cleared from mice). The vaccine acts like WR201 antigenically early, but then 
gradually loses plasmid and turns rough (possibly stimulating an anti-rough 
response as well) and is cleared by the vaccinee earlier (which is desired from a 
5 safety standpoint). 

It is possible to use live bacterial vectors for immunization against 
malaria. Expression of CSP and MSP-1 in Salmonella and immunization of mice 
with these constructs protected against P. berghei, and induced immune responses 
against P. falciparum MSP-1. Interestingly, development of anti-P. falciparum 
10 MSP-1 immune responses does not require secretion of antigen from the 
bacterium or surface display. These data suggest that use of Brucella as a platform 
to deliver malaria antigens in vivo has a high likelihood of success for protection 
against malaria. 

Brucella, even attenuated strains, penetrate to the liver. Defense against 

15 malaria may involve destruction of liver stage parasites to prevent infection or 
attack on merozoites to reduce disease. Presence of antibody and Th-type 1 
cellular responses, characterized by CD4 and CD8 T-lymphocytes directed at 
circumsporozoite protein (CSP), are associated with prevention of patent infection 
after challenge with P. berghei, an agent of murine malaria, and P. falciparum, 

20 which causes a severe form of human malaria. Immune response to merozoite 
surface protein- 1. (MSP-1) of these parasites is associated with reduction in patent 
infection intensity. Since P. falciparum does not cause malaria in mice, the 
murine P. berghei model is used to demonstrate initial proof of concept for 
malaria vaccine approaches. Vaccines that work in the P. berghei model can be 

25 reconstructed with P. falciparum antigens. Safety and immunogenicity testing in 
mice and efficacy testing against blood stage infection in nonhuman primates can 
then lead to human trials. Department of Immunology efforts are directed toward 
enhancing the potency of immune response against CSP, MSP-1 and other 
malarial antigens. Genes for these antigens were cloned into expression vectors 

30 for use as DNA vaccines and for production of recombinant proteins for clinical 



vaccine tests and in vitro studies. Movement of these genes into pBBRlMCS 
should be readily accomplished. 

The Brucella host strain used in the compositions, vaccines, constructs and 
methods of this invention may be any rough mutant that can be complemented, 
5 whether otherwise attenuated or not. For instance, fully virulent bacterial 
pathogens (which one would expect a simple complemented rough mutant to be) 
may be inactivated using known techniques that allow them to continue to be 
metabolically active in an inviable state and to express proteins such as 
recombinant heterologous antigens. However, it is preferred that the Brucella host 

10 strain be singly attenuated (that is, have a single mutation), and more preferred 
that it be doubly attenuated or even a triply attenuated. 

The host bacterium may be transformed (e.g., by electroporation) with a 
plasmid that can replicate in Brucella. However, plasmids could also be 
introduced by mating with another bacterium. Alternatively, a recombinant DNA 

15 molecule other than a replicating plasmid may be introduced, for instance, a linear 
recombinant molecule or a nonreplicating plasmid, which would then integrate 
into the Brucella genome, either by host-mediated homologous recombination or 
via a recombinant DNA construct. 

Our plasmid pGSG5 is a preferred construct. However, another preferred 

20 construct is a derivative of pGSG5 where there is a restriction site inserted 
between the groES promoter and the GFP gene to allow insertion of genes 
encoding heterologous antigens. We have two versions: Apal and Smal. We 
have also made a further derivative construct of this first derivative, where the 
chloramphenicol resistance marker has been deleted. Further, we have made a 

25 derivative of pGSG5 where the groES promoter has been replaced with the aphA 
promoter and a Smal restriction site inserted between that promoter and the GFP 
gene to allow insertion of genes encoding other heterologous antigens. We have 
also made a construct to express MSP1 from Plasmodium berghei thatis based on 
pGSG5 (MSP1 replacing GFP in the construct). In addition, we also have a 
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construct like the latter one, but containing the Plasmodium berghei CSP gene 
minus part of its carboxy terminal-encoding DNA. 

In determining the feasibility of a live, attenuated brucellosis vaccine in 
humans, we developed a live, attenuated vaccine (DpurEK B. melitensis strain 

5 WR201) that looks extremely promising for development of a multi-valent 
vaccine. Starting with smooth, virulent 5. melitensis 16M, we deleted 248 bp of a 
region consisting of 193 bp of the 3' end of purE, a 37 bp intergenic region and 
18 bp of the 5' end of purK. This mutant strain WR201 has several valuable 
characteristics: 1) it requires supplementation with purines for growth on 

10 minimal media; (2) it is attenuated for growth in human and murine macrophages; 
(3) it establishes transient (4-8 week) infections of liver and spleen in mice; (4) it 
protects mice against dissemination of bacteria to liver and spleen following 
intranasal challenge with virulent B. melitensis; (5) it establishes similar transient 
infection in Rhesus macaques after oral administration; and (6) it protects Rhesus 

15 macaques from aerosol challenge with 10 7 virulent B. melitensis. This strain is 
auxotrophic. When administered orally to animals (e.g., mice), it induces 
protective immunity to subsequent respiratory challenge with 16M. This vaccine, 
or a derivative with additional deletions, is one preferred Brucella host strain use 
in this invention. 

20 We have also made a rough mutant (WRR51) from 16M by gene 

replacement of wboA, which encodes a glycosyl transferase required for 
production of LPS O-polysaccharide. This mutant is as attenuated as WR201 in 
mice, but does not protect against intranasal Brucella challenge. 
Complementation of WRR51 with who A on low copy number plasmid 

25 pBBRlMCS restores the smooth phenotype and correspondingly enhances 
survival in human macrophages in vitro. (PBR1MCS is a published plasmid based 
on pBBRl useful as a shuttle vector from E. coli to Brucella, and it replicates in 
both.) 

Vaccine strain B. melitensis WRRP1 is a preferred strain for both a 
30 Brucella vaccine and for heterologous antigen delivery because it carries two 



different mutations, in purEK and in wboA, that attenuate it. Strain WRRP1 is 
described in detail in U.S. patent no. 6,444,445. To produce WRRP1, we deleted 
the purEK locus in strain WRR51 (a wboA mutant described in the above patent). 
This strain is both purine auxotrophic, like WR201, and has a rough phenotype 

5 because it lacks O-polysaccharide (OPS) as a component of its outer membrane 
lipopolysaccharide. Rough strains of Brucellar are consistently less virulent than 
smooth strains. As expected, WRRP1 is much more attenuated in macrophages 
and mice than WR201 or a single wboA mutant (WRR51). It survives in mice 
only about one week after it is injected intraperitoneally. Complementation of this 

10 strain with low copy number plasmid that expresses wboA restores a smooth 
phenotype and reactivity to ariti-OPS antibodies, and correspondingly, enhances 
survival in human macrophages in vitro similar to the parent, virulent strain 16M. 
Complementation of the extremely attenuated strain WRRP1 with wboA restored 
its smooth phenotype, and restored virulence in vivo and in vitro similar to that of 

15 attenuated WR201. Thus, the wboA -complemented WRRP1 strain has the same 
protective abilities of vaccine strain WR201. 

The advantage of using WRRP1 complemented with wboA instead of 
WR201 directly is that it would have 2 chromosomal deletions instead of one, 
further limiting the possibility of reversion of the vaccine to full virulence. The 

20 plasmid utilized for complementation can be simultaneously used to express 
protective antigens (heterologous antigens) of unrelated biothreat. 

Expression of heterologous antigens by the Brucella vaccine using 
plasmid pBBRlMCS and carrying the complementing wboA gene permits 
immunization with antigens known to protect against other biowarfare threat 

25 agents. Use of this plasmid strategy would allow rapid development of a vaccine 
stably expressing the heterologous antigen, since there would be in vivo selection 
pressure to retain the plasmid . 

Derivatives of WRR51 and WRRP1 are also contemplated, which may 
have addedmutations and/or antibiotic resistance markers removed. Basically, 

30 any Brucella strain can serve as the host strain in this invention, as long as it has a 



19 



rough mutation thatcan be complemented in the manner described herein. It is 
preferable that the host strain be attenuated, but as noted above, it is possible to 
inactivate fully virulent bacterias in such a way as to permit them to express 
proteins such as recombinant heterologous antigens. 

5 Care would be taken to insure that antigens being expressed in Brucella 

are not functional virulence factors. For this reason, our research has included use 
of genes encoding known protective antigens not representing virulence factors or 
use mutated genes that do not encode complete toxin or virulence factors. There 
may be some questions about the use of a live Brucella strain, although 

10 attenuated, as a human vaccine. We note that it is possible to inactivate a fully 
virulent bacterial pathogen, such as Brucella, in ways that allows them to continue 
to be metabolically active in an inviable state and to express proteins such as 
recombinant heterologous antigens. Pilot experiments indicate that the use of 
killed Brucella vaccines are not very effective in inducing protective immunity 

15 against brucellosis . Therefore, a killed vaccine does not appear to be a good 
alternative to the live, attenuated vaccine proposed. 

Other embodiments of our invention contemplate optimization with 
different Brucella promoters, and facile integration of new open reading frames 
(such as, for instance, Invitrogen's Gateway) which would simplify integration of 

20 new antigen genes. Possible Brucella promoters include purEK, Kanamycin 
resistance promoters, groEs promoter, and the virB promoter (the latter especially 
for in vivo induction). The Brucella platform strain might also be improved by 
removal of drug resistance markers. Further, additional attenuation of the 
Brucella strain may be advantageous. We also contemplate incorporating antigen 

25 export from the platform, and manipulating the codons of antigens for improved 
expression in Brucella. 

As noted above, variety of heterologous antigens can be effectively 
expressed in this system. The basic criteria for heterologous antigen expression in 
our invention is that it is a non-Brucella gene but is able to be expressed directly 

30 or indirectly from a plasmid or other recombinant molecule in a Brucella cell, 
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using a promoter recognizable by Brucella. Besides the specific heterologous 
antigens mentioned above, we also contemplate tetanus toxoid (tetC), Yersinia 
pestis Fl+V and Fl-V fusion, multivalent multiagent biodefense antigens, 
antigens from non-biothreat infectious agents, plague antigens, and combinations 

5 of any of these. 

As a prototype, we constructed a live, attenuated B. melitensis vaccine 
strain that expresses protective antigens from three known threat agents and tested 
it for safety, immunogenicity and protective efficacy in appropriate animal 
models. For instance, genes encoding some or all of the following can be used: a) 

10 protective antigen (PA) from Bacillus anthracis, b) protective C fragment of 
tetanus toxin and c) protective fragments of V antigen from Yersinia pestis. These 
antigens may be encoded by a plasmid that also encodes a Brucella gene (wboA), 
which, as noted above, is preferred for assisting survival of the vaccine strain in 
vivo and to some extent, protective immunity. 

15 This vaccine could be used in deployable troops in a 1 or 2-dose oral 

regimen to protect against known, high-likelihood agents including Brucella 
melitensis and Brucella suis Moreover, use of the plasmid strategy will allow 
rapid development of vaccines against newly recognized threats as soon as target 
antigens for vaccination have been identified. Genes encoding these newly 

20 identified vaccine antigens could be rapidly inserted in the plasmid and a vaccine 
strain expressing the antigen made quickly available for testing. This strategy 
would also allow rapid scale-up to production of quantities sufficient for troop 
immunization. Since the basic platform of heterologous vaccine delivery could be 
tested before an emergency occurred, limited safety and efficacy data should be 

25 required to allow use of the vaccine expressing novel antigens in the event of a 
threat requiring rapid response. 

v Malarial antigens are also contemplated. A Mycobacterium bovis antigen 
expressed on broad host range plasmid pBBRlMCS in Brucella abortus strain 
RB51 produced serum antibody in mice and antigen-stimulated IFN-gamma by 

30 splenocytes [Vemulapalli, Infect Immun. 68:3290-6, 2000]. Based on our own 
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data, expressing Plasmodium antigens from plasmids in our candidate strains will 
likely induce strong immune responses. Defense against malaria may involve 
destruction of liver stage parasites to prevent infection or attack on merozoites to 
reduce disease. Presence of antibody and Th-type 1 cellular responses directed at 

5 circumsporozoite protein (CSP) are associated with prevention of patient infection 
after challenge with P. berghei, an agent of murine malaria, and P. falciparum, 
which causes a severe form of human malaria. The murine P. berghei model is 
used to demonstrate initial proof of concept for malaria vaccine approaches. 
Immune response to merozoite surface protein- 1 (MSP-1) of Plasmodium 

10 parasites is associated with reduction in patent infection intensity. With this 
invention, our efforts are directed toward enhancing the potency of immune 
response against CSP, MSP-1 and other malarial antigens. Recombinant genes for 
these antigens were cloned in expression plasmids for use as DNA vaccines and 
for recombinant protein production in bacteria. Expression of these recombinant 

15 genes into Brucella has been accomplished using appropriate Brucella promoters. 
For instance, purER promoter gives low-level constitutive expression, while Kan 
promoter gave high constitutive expression, and groES promoter gave 
intermediate expression (but was inducible late). All three promoters are useful, 
although Kan is preferred. 

20 Previous work demonstrated the feasibility of using live bacterial vectors 

for immunization against malaria. Immunization of mice with Salmonella 
expressing CSP and MSP-1 protected against P. berghei, and induced immune 
responses against P. falciparum MSP-1 [Sadoff, Science 240:336-8, 1988; Toebe, 
Am J Trop Med Hyg. 56:192-9, 1997; Wu, J Biotechnol. 83:125-35, 2000]. The 

25 anti-MSP-1 immune response did not require secretion of antigen from the 
bacterium or surface display. These data suggest that use of Brucella as a platform 
to deliver P. berghei antigens in vivo is highly likely to protect mice and other 
mammals against malaria. Vaccines that work in the P. berghei mouse model can 
be reconstructed with P. falciparum antigens. Safety and immunogenicity testing 



in mice and efficacy testing against blood stage infection in nonhuman primates 
can then lead to human trials. 

Any promoter can be used for expression of the complementation DNA 
fragment or the heterologous antigen as long as it is recognizable by Brucella, It 

5 is preferred that the promoter promotes transcription of antigen genes when the 
Brucella host is inside mammalian cells. To that end, it is preferred that the 
promoter be a Brucella promoter. One problem that we overcame was the 
technical issue of the choice of transcriptional control in expressing foreign 
antigens in Brucella is, since Brucella promoters generally are not well 

10 characterized. We determined that fusions of a heterologous gene to the purE 
upstream region appears to give low level constitutive expression under the 
conditions we've examined. The groES promoter gives intermediate expression 
inducible in stationary phase. The fusion of the heterologous aphA promoter in 
the Roop group's pBBRlMCS-6Y plasmid gives high constitutive expression in 

15 Brucella. The virB promoter is also contemplated, because of its intracellular 
transcriptional induction. 

This invention may be used in the simultaneous vaccination of individuals 
against multiple diseases, so it is of potential benefit to any government agency 
providing medical care. Since Brucella is a potential biowarfare agent and thus a 

20 threat to U.S. military personnel, the Department of Defense would be a potential 
user of this technology. Live attenuated Brucella vaccines expressing antigens 
from other biothreat agents may provide broad protection against an array of 
bioweapons including engineered Brucella, and conceivably against infection 
from endemic disease during deployment. The Department of Homeland Security 

25 may also be interested in these vaccines against multiple bioterror threats, which 
maybe useful against potential bioterrorism aimed at agriculture and populace, 
e.g., Brucella and anthrax. Since Brucella causes disease in a variety of livestock, 
the U. S. Department of Agriculture would also have potential uses for this 
technology, since it offers the potential of single vaccination versus multiple 

30 animal diseases. 
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Furthermore, pharmaceutical and agribusiness firms would be interested in 
using this method for multivalent vaccines with intracellular delivery to create 
commercial multiagent vaccines for people and livestock. 

5 

EXAMPLES 

The invention in various embodiments and stages is further described in 
the following non-limiting examples. 

10 Example 1 

One experiment that indicated this approach was feasible was trans wboA 
complementation of the single mutant WRR51 within human macrophages. 

We expressed a heterologous antigen, Green Fluorescent Protein (GFP), 
on the complementing plasmid in WRR51. To determine if this plasmid 

15 complementation and expression of GFP would continue in the wboA mutant 
inside a host cell, we infected human monocyte-derived macrophages (hMDMs) 
with WRR51 containing pMNWG16, the complementing and GFP-expressing 
plasmid, on 10 July 2000. We also infected these cells with WRR51 containing 
pRFBUKll, the non-GFP complementing plasmid, so we could make a 

20 comparison of these strains. Over the course of 72 hours inside these human 
macrophages, the survival and growth of both of these plasmid-complemented 
wboA B. melitensis mutant strains was near identical and was also very similar to 
that of the wild type parent of WRR51, strain 16M. Visual screens of bacteria 
recovered from hMDMs determined that WRR51 containing pMNWG16 clearly 

25 expressed GFP. See Figure 2. The single mutant did not replicate in these cells 
over the 72 hour timecourse of the experiment (diamonds), but the mutant 
complemented with a copy of wboA on a pBBRl -based plasmid (circles) 
replicated like wild type (squares). Also, green fluorescent protein (GFP) could 
be expressed on complementing plasmid pMNWG16 without hampering this 

30 replication (triangles), and all colonies recovered were green. 
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The addition of the heterologous GFP gene to the wboA -complementing 
plasmid did not cause any diminution of survival within the human cell type that 
typically hosts Brucella. These tests demonstrated that we could express a 
heterologous antigen from a rough-complementing plasmid in a rough Brucella 
5 mutant containing a single defined nonreverting attenuating mutation without 
negatively affecting the intracellular survival and multiplication of the bacterium. 

Example 2 

We tested the simultaneous expression of a heterologous antigen and 
10 rough complementation from a plasmid in a Brucella strain containing additional 
attenuating mutation(s). Our goal was to use rough complementation for 
maintenance of the plasmid expressing the heterologous antigen, but also to have 
the resulting strain be attenuated for virulence, and thus a potential vaccine 
candidate. 

15 We worked to find Brucella promoters that would provide a variety of 

levels of intracellular expression of heterologous antigens as we also began to 
work with different candidate antigens of clinical interest, including tetanus 
toxoid and malarial antigens. We combined all the elements in a plasmid we 
needed to test our concept: a heterologous antigen, GFP, fused to a Brucella 

20 promoter that gives significant intracellular expression, wboA to complement the 
rough defect in the host strain, and the correct antibiotic resistance marker to 
allow for selection of the plasmid in our test carrier strain, WRRP1 which is Am r 
Kn r . As noted above, WRRP1 is a dual deletion mutant of B. melitensis 16M with 
mutations in wboA and in purEK which we have demonstrated to be severely 

25 attenuated for virulence in a BALB/c mouse model. The plasmid was named 
pGSG5. (See Figures 3 and 10) Groups of BALB/c mice were infected with 
strain WRRP1 containing pGSG5 (WRRPl/pGSG5) and uncomplemented 
WRRP1 on 12 November 2002. Five mice from each group were sacrificed at 
one week and at two weeks after infection and viable bacteria in the spleens of 

30 these mice were recovered. After one week, significantly higher numbers of 
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WRRPl/pGSG5 were recovered than from uncomplemented WRRP1, which was 
present in very low numbers in the spleen of one of the five mice in the group. 
Additionally, the vast majority of the bacteria recovered from the spleens of the 
WRRPl/pGSG5-infected mice fluoresced under long-wavelength UV, indicating 

5 these bacteria were still expressing GFP. Less than 1% of the recovered 
WRRPl/pGSG5 bacteria lost GFP expression; these are likely to have lost the 
pGSG5 plasmid, since these colonies also lost the smooth phenotype provided by 
the who A complementation. At two weeks after infection, none of the WRRP1- 
infected mice had bacteria in their spleens, while three of five WRRPl/pGSG5- 

10 infected mice were still infected. The percentage of the recovered 
WRRPl/pGSG5 had lost GFP expression and wboA complementation remained 
low at two weeks (a single colony-forming unit out of 70 recovered from the 
spleen of one of the five mice in the group). This selective pressure for in vivo 
maintenance of plasmid-borne heterologous antigen expression via rough 

15 mutation complementation is the basis of our multivalent vaccine delivery 
concept and is what makes it both innovative and promising. 

Example 3 

We constructed a plasmid, pGSG5, containing GFP under the control of 
20 the groE promoter, an intact copy of wboA, and ampicillin resistance for in vitro 
selection in WRRP1, which already carries kanamycin and chloramphenicol 
markers. See Figures 3 and 10. As shown the by data represented in Figure 4, 
inside human macrophages over 200 hours the survival of WRRP1 carrying 
pGSG5 (squares) was not significantly different from the survival of purine 
25 auxotroph WR201 (diamonds), whereas the uncomplemented WRRP1 decreased 
by three logs (triangles). 

As shown by the data represented in Figure 5, after introduction into some 
aging male BALB/c mice by the oral route, uncomplemented WRRP1 persisted in 
the spleen of one of five mice at one week only (light shading), while the strain 
30 carrying pGSG5 (dark shading) persisted in three of five mice at one and two 
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weeks, in two of five at four weeks, one of five at six weeks, and then was cleared 
by eight weeks. The duration of persistence in the spleen was similar to that of 
the purine auxotroph WR201, however the numbers of viable bacteria recovered 
were consistently significantly lower than what we would have expected for a 
straight purE phenotype. 

Figure 6 shows two plates from that experiment visualized under UV (365 
nm). On the left is the spleen neat plate containing the only colony forming units 
(CFUs) of WRRP1 recovered at one week after infection. On the right is a spleen 
neat plate from the plasmid complemented group at one week. One can see that 
these bacteria are fluorescent because they are expressing GFP. However, a small 
subpopulation of nongreen colonies can also be seen; these colonies were also 
rough, so they appear to have lost the plasmid. This was consistently seen in this 
group, but the nongreen population did not exceed 2% at any timepoint. 

To see if this loss of pGSG5 from WRRP1 was a real and reproducible 
attribute, we examined it in multipassage culture in rich medium (Brucella Broth). 
As shown in Figure 7, we tracked the percentage of green CFUs recovered from a 
culture WRRP1 carrying pGSG5 compared with a culture of 16M bearing 
pBBRlMCS-6Y treated identically. A passage into fresh broth was made after 
each measurement. (The circles and triangles merely show that total CFU levels 
were comparable at all timepoints.) What is evident is that pGSG5 is in fact lost 
from WRRP1 under these conditions by 47 days. Interestingly, pBBRlMCS-6Y 
was lost from 16M more rapidly, indicating that the trans wboA complementation 
of WRRP1 may provide some selection for retention of the plasmid even in vitro. 
This indicated that natural loss of plasmid is occurring in the mouse and may 
account for reduced spleen loads seen in complemented WRRP1 versus WR201. 

Example 4 

We postulated that our invention would provide a novel platform for 
expression of malaria antigens in humans that may greatly enhance 
immunogenicity of malaria antigens and extend the utility of a live, attenuated 
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human brucellosis vaccine. To test this, we constructed plasmids for the 
expression of P. berghei CSP and MSP-1 in Brucella. One goal was to find and 
clone Brucella promoters that would offer the range of in vivo expression levels 
needed to optimize Brucellar expression of different recombinant malarial 

5 antigens inside host macrophages. We used fluorescent reporter proteins as test 
heterologous antigens in this promoter search, which yielded three promoters with 
distinct levels of expression in Brucella. Since genes expressed in Escherichia 
coli are usually expressed in Brucella if necessary signals for transcription are 
present, and since these recombinant malaria antigens were expressed in E. coli, 

10 we could begin the studies of protective efficacy in mice. 
Our accomplishments included: 

• Development of a Polymerase Chain Reaction (PCR) method to fuse Brucella 
promoters with heterologous genes. This allows interchangeable combination 
of promoters and genes for rapid expression of heterologous antigens. 

15 • Use of PCR to fuse the Brucella purE promoter to Enhanced Green 
Fluorescent Protein (EGFP) gene, DsRed red fluorescent protein gene, and the 
GFP gene. Flow cytometry confirmed GFP expressed at low constitutive 
level in Brucella from this promoter. EGFP and DsRed were not expressed 
from this promoter. 

20 • Fusion of P. berghei MSP-1 and CSP to purE promoter by PCR and then 
moved into Brucella. 

• On a plasmid in a rough Brucella mutant, we expressed both GFP under the 
control of kanamycin resistance (kan) promoter and a gene complementing the 
rough mutation. Complementation and GFP expression inside human 

25 macrophages demonstrated maintenance of an expression plasmid in an 
intracellular Brucella vaccine carrier. 

• Fusion of P. berghei MSP-1 to kan promoter by PCR and then moved it into 
Brucella. 



